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ABSTRACT 



New independent constraints on tiie amount of water delivered to Eartii by 
comets are derived using the ^^N/^^N isotopic ratio, measured to be roughly 
twice as high in cometary CN and HCN as in the present Earth. Under reason- 
able assumptions, we find that no more than a few percent of Earth's water can 
be attributed to comets, in agreement with the constraints derived from D/H. 
Our results also suggest that a significant part of Earth's atmospheric nitrogen 
might come from comets. Since the ^^N/^^N isotopic ratio is not different in 
Oort-cloud and Kuipcr-belt comets, our estimates apply to the contribution 
of both types of objects. 
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1 Introduction 



The origin of water on Earth is still puzzling (e.g. the reviews bvlOwen and Bar-Nunl . 
19981 : iRobertl . I 200 ll : IPrakel . l2005l : Ijavovl . l2005l : Martv and Yokochil . l2006l . and 
references therein). At one end of the models, the high temperature in the in- 
ner accretion disk hampered hydrous phases to exist so that external sources 
were needed, the so-called late v eneer of comets, ast eroids and/or meteorites 



suggested by lunar cratering (e.g. lGomes et all l2005l ) . At the other end. Earth 



accreted hydrous silicate phases, or grains having adsorbed water from the so- 
lar nebula. The D /H isotopic ratio plays a key role in constraining the models. 
The comparable D/H ratio of Earth's oceans and carbonaceous chondrites (the 
only ones to contain enough water) points towards a meteoritic veneer, while 
the cometary D/H ratio, twice as high as the terrestrial one, would require 
a mixture of cometary water with a roughly equal amount of primitive indi- 
geneous D-poor terrestrial water. While the abundance of noble gases in the 
Earth's atmosphere suggests that only small amounts of cometary volatiles 
were brought to Earth, the ^^''Os/^^^Os ratio apparently r ules out the car- 
bonaceous chondrites as the main component of the veneer (jPrakd . l2005l . and 
references ther ein). However, most of these arguments have shortcomings (see 
discu s sions bv iDrakd. l2005l: IJavovl . l2005l : iMarty and Yokochil . l2006l : iDauphas . 



20031 : iGenda and Ikomal . l2008l ). In particular, D/H has only been measured 
in Oort-Cloud comets and it is not excluded that other types of comets -or 
other reservoirs of hydrogen in comets- exhibit different D/H ratios. Addi- 
tional constraints are therefore mandatory. 

Recently, we found that the isotopic ratio ^^N/^^N is consistently twice as 
high in cometa r y CN and HCN as in the E a rth's atmosphere and surface 



flArpignv et all . l2003l : iBockelee-Morvan et al.l . l2008l : iManfroid et all . [20091). 



Since any delivery of water by comets would necessarily be accompanied by a 
delivery of nitrogen, the observed difference between terrestrial and cometary 
^^N/^^N can induce a measurable isotopic shift and provide independent con- 
straints on the amount of water and nitrogen delivered by comets to Earth's 
oceans and atmosphere, as detailed below. The interest of considering the 
nitrog en isotopic ratio has been recently emphasized by iMarty and Yokochi 
fl2006h . 
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2 Constraints from D/H : framework and previous results 



We assume that cometary H2O and HDO add to a primitive mixture on Earth 
to give the amounts presently measured in Earth's water. We have then 



np(H20)+ r2e(H20)=ni(H20) 
np(HDO)+ ne(HDO)=nt(HDO) (1) 

where n is the abundance in number, the suffix p, c, and t respectively referring 
to primitive Earth, cometary and terrestrial (present Earth) values. From these 
equations we derive 



(H2O) (D/H), - (D/H), 



n,(H20) (D/H)p - (D/H), 



(2) 



which provides the proportion of Earth's water due to comets as a function of 
the isotopic ratio D/H in water. 

The present Earth D/H ratio is fairly well known and measured to be (D/H), 
= 1.49 ±0.03 10""^ for wate r stored at the Earth's surface, mainly in the 
oceans (ILecuyer et al.l . Il998l ). For cometary water we h ave (D/H)^ = 3.1±0.3 



10 from in situ mea surements of comet IP/Halley (IBalsiger et al.l . Il995 



Eberhardt et al.l . Il995l ) and from remote observations o f three Oort-Cloud 



comets: C/19 96 B2 (Hyakutake) flBockelee-Morvan et al.l . 119981). C/1995 01 



(Hale-Bopp) flMeier et al.l . ll998af ) and C/2002 T7 (LINEAR) flHutsemekers et al 



20081 ). The primitive Earth D/H ratio is not known. At one extreme, we have 
the protosolar value of the huge H^ reservoir measured from DH/H2 in Jupiter: 



(D/H)p > 0.26 10"^ (iMahaffv et al.l . Il998l ). At the other end, the D/H ra 



tio estimated t o be representative of the deep mantle (D/H)p < 1.36 10 



(IDeloule et al.l . Il99ll : iDauphas et al.l . |2000| ). In the case that water from the 
warm, inner solar nebula is adsorbed by the rocky grains that formed the bulk 
of the Earth, intermediate values (D/H)p 0.8-1.0 10~^ are likely to better 



characterize the primitive Earth D/H ratio (lOwen and Bar-Nunl . Il998l ). With 
these values, the proportion of Earth's water due to come ts varies between 
50% and 10% (Eg. 2), with plausible values up to 30% (lEberhardt et al. 



19951 : iBockelee-Morvan et al.l . Il998l : lOwen and Bar-Nunl . 119981 ) . More detailed 



modelling, combining the D/H ratios with lunar cratering records and terres- 
trial mantle siderophiles, s uggests that the contr ibution of comets to Earth's 
water is smaller than 10% ( Dauphas et al. . 2000l ). Moreover, should a signifi- 
cant f raction of cometary material possess an even higher D /H as measured in 
HON (IMeier et al.l . Il998bl ) and assuming that this material can be recycled at 
the Earth's surface, even smaller cometary contributions would be expected. 
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3 New constraints from ^^N/^^N 



Assuming similarly that the nitrogen isotopic ratio of the present Earth results 
from the combination of primitive Earth and cometary nitrogen mixtures, we 
have 



fU-f 



N)+ n,rN)=n,(^^N) 



15t 



(3) 



and 



N) 



(4) 



Since nitrogen is mostly in the form N, we may write 



N) 



nt{E20) ni(i4N) n^iW) 
with the constraint 



X 



(5) 



(H2O) 



n,(N) 



< 



' r2,(N) ^ 



(6) 



which comes from the fact that the total amount of nitrogen delivered by 
comets to Earth cannot exceed the amount of nitrogen presently measured in 
Earth's atmosphere and surface, i.e. nj^^^^jnti}'^^^ < 1. Nitrogen recycling 
at Earth's surface is implicitly assumed as well as the fact that the compo- 
sition of the atmosphere has not significantly changed since the late veneer 
fiTolstikhin and Martvl . llQQSh . 



The amount of water and nitrogen at the surface of the present Earth (mostly 
in the oceans and in th e atmosphere, respec tively) is relatively well known . 
The water inventory by iLecuyer et al. fll998h (see also lOauphas et aP . l200d ) 
gives 1.7 10^^ kg of water at the Earth's surface (oceans, ice sheets, organic 
matter, metamorphic rocks, shales, sandstones, continental carbonates, evap- 
orites, marine clays and marine carbonates). The nitrogen inventory at the 
Earth's surface ( atmosphere, sedimentary rocks, crustal igneous rocks) gives 
5.0 10^^ kg of N2 (IZhang and Zindlei] . ll993l ). Thus nt(N)/nt(E20) - 3.8 10 



-3 



The abundance of nitrogen in comets is poorly known. Because N2 is not 
detected, the nitrogen inventory in cometary ices mainly relies on the mea- 
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surement of the NH.s and H CN volatiles. From the abundances given by 



Bockelee-Morvan et al.l (120041 ). we compute nc(N)/nc(H20) ^ 10 ^ adding the 



contributions of all observed N-bearing molecules and considering that contri- 
butions from other mo lecules are possible. B ased on in-situ measurements by 
the Giotto spacecraft, lEncrenaz et al.l (Il99ll ) estimated the total N/0 abun- 
dance in IP/Halley: N/0 = 0.027±0.009, including both the gas and the dust 



comp onents. Assuming that at most 60% of O is in H9O (jEncrenaz et al. 
199lh. n.m/n M.O) > 3 lO'^. Further modelling bv iGreenberd fll998h and 



Huebnej fl2002h suggests that nc(N) /nc{B.20) may be as high as 7 10 



ni- 



trogen being still depleted in comets by a factor 3 with respect to solar abun- 
dances. Under the hypothesis that the nitrogen abundance in IP/Halley is 
representative of comets, we adopt the lower limit nc(N)/nc(H20) > 3 10~^ 
from which we derive nc(H20)/nt(H20) < 13% (Eq. 6). 



The present Earth ^^N/^^N ratio i s accurately measured from N2 in the atmo- 
sphere: (^^N/^^N)t = 3.676 10~^ ( jJunk and Sved . Il958l ). This is comparable 
to ^^N/^'^N = 3.64 10~^ which characterizes the present mantle (IBecker et al. 



20031 ). The primitive Earth ^^N/^^N is not known. It may be close to ^^N/^^N ~ 
3.55 10~^, the value measured in enstatite chondrites thought to have released 
significant amount s of nitrogen during and shortly after the accretion phase 
( jJavoy et al.l . ll986l ). On the other hand, a massive atmosphere could have been 
captured directly from the s olar nebula (IPepinl. l2006l: iGenda and Ikomal . l2008l ) 



where ^^N/^^N ~ 2.3 10"^ f lOwen et al.l . 1200 ll : iMeibom et all . 120071 . this value 



is estimated from the atmosphere of Jupiter assumed to be a proxy of the N2 
reservoir in the solar system.). A large part of the early atmosphere might 
have been lost during the post-accretion phase (much before the late veneer), 
possibly resulting in a small shift of the prirn itive ^^N/^'^N ratio due to at- 
mospheric escape ( iTolstikhin and Martvl . Il998l ). Given these uncertainties we 
consider in the following both (^^N/^^N);, = 2.3 lO'^ and (iSN/i^N)^ = 3.55 
10~^. Intermediate values are possible, as well as values closer to the present 
terrestrial value if fractionation by atmospheric escape has been significant. 



i5]\j-^i4]\j ]^g^g measured remotely in about twenty comets using optical- 
UV spectroscopy of CN, and in three comets on the basis of radio observa- 
tions of HCN. Recent studi es show that optical and radi o measurements do 



agree within uncertainties (IBockelee-Morvan et al.l . |2008[ ) . The nitrogen iso- 



topic ratio is remarkably similar from comet to comet and clusters around the 
"anomalous " ^^N/^^N = 6.8=fc0.3 10~^ which is twice as high as the terres- 
trial value (IManfroid et al.l . 120091 ). On the other hand, the analysis of comet 
81P/Wild2 grains returned by Stardust sugges ts bulk ^^N/^'^N r atios com- 
parable to the terrestrial and chondritic values (IMcKeegan et al.l . 120061 ). We 
therefore compute an average cometary ratio according to 
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^15 



N/^^N) 



nca(N) ^ 
nc(N) ' 



15 



ne(N) 



(7) 



where (i^N/i^N),^ = 6.8 IQ-^, (iSN/i^N),^ = 3.55 10 
abundance of the isotopically anomalous nitrogen. 



-3 



and nca(N) is the 



In Fig. 1 we illustrate the proportion of terrestrial nitrogen delivered by 
comets, nc(N)/nt(N), as a function of the relative abundance of anomalous 
nitrogen nca(N)/nc(H20) for various cases of interest (Eqs. 4 and 7). Fig. 1 
shows that the nitrogen isotopic shift between primitive and present Earth 
can be easily accounted for by the addition of a cometary component thanks 
to the presence, even in small quantities, of isotopically anomalous nitrogen in 
comets. The proportion of terrestrial water delivered by comets can be com- 
puted from Fig. 1 and Eq. 5, i.e. n^(R20)/nt(R20) < 0.13xnc(N)/ni(N) for 



n,(N)K(H20) > 3 10- 



Assuming that the carrier of the isotopically anomalous ni trogen is only HCN, 
we hav e nca(N)/nc(H20) ^ 2 10"'^ using the abundances of lBockelee-Morvan et al 
(120041 ). Although ^^N/^^N has not yet been measured in cometary ammo- 
nia, fractionation mechanisms predict that ^^ N must be enhanced i n NH.s 



before being transferred to H CN compounds (jCharnley and Rodgerd . 12002 



Rodgers and Charnleyl . |2008| ). If NH3 is also included in the carriers of the 
anomalous ^^N/^^N ratio, we have rirni^) / n JH^O) ^ 8 10~^ using 6 10~ ^ for 



the mean abundance of NH3 relative to H2O (IBockelee-Morvan et al.l . l2004l ). In 
this case between 15% and 65% of Earth's nitrogen might have been delivered 
by comets (Fig. 1). We then estimate the upper limit nc(B.20) / nt{B.20) < 9%, 
which can be as low as rac(H20)/n((H20) < 2% if the primitive Earth ^^N/^^N 
was close to 3.55 10^^. Given that the abundance of nitrogen in comets is prob- 
ably larger than nc(N)/nc(H20) = 3 10~^, and that the refractory component 
may also contain isotopically anomalous nitrogen, the contribution of comets 
to Earth's water is probably roughly twice as small as the upper limit we just 
derived, i.e. not larger than a few percent. 

These constraints are more stringent than the values derived from D/H using 
Eq. 2. Moreover, as soon as nc(B.20) / nt(B.20) < 7%, the amount of water 
delivered by comets is not sufficient to explain the D/H isotopic shift in ter- 
restrial oceans from the primitive value (Eq. 2) so that additional sources of 
water are needed. Our estimates agree wit h the constraints derive d from re- 
cent dynamical models of the solar s ystem (Morbidelli et al. . 2000f ). and from 
mass-balance models based on ^/ILjDauphas et all . 12000^ or based on noble 
metals and gases fiDauphas and Martvl . l20oi L 



As far as the atmosphere is concerned, iMarty and MeibomI (120071 ) showed that 
a cometary contribution fitting the abundances of noble gases in the Earth's 
atmosphere would deliver ~ 6% of the atmospheric ni trogen. Given the uncer 



tainties on the abundances of noble gases in comets (IBockelee-Morvan et al. 
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2004J ). this is compatible with our estimates provided that nca(N)/nc(H20) ~ 
10~^ and (^^N/ ^^Nlp 3.55 10~^ in Fig. 1 . Early fractionation due to atmo- 



spheric escape (ITolstikhin and Martyl . 119981 ) might also have slightly increased 
(15n/i4n)p providing an even better agreement. 

It is important to note that the anomalous ^^N/^^N isot opic ratio was mea- 



sured to be identical in Oort -cloud and Kuiper-belt comets (iHutsemekers et al 



20051 : iManfroid et al.l . |2009| ) so that our estimates apply to the contributions 



of both types of comets. 



4 Conclusions 



Thanks to the fact that the ^^N/^^N ratio measured in cometary CN and 
HCN is significantly different from the ratio measured on Earth, and since 
any delivery of nitrogen from comets to Earth necessarily accompanied that 
of water, we put independent constraints on the amount of Earth's water pos- 
sibly due to comets. Under reasonable assumptions, we find that no more than 
a few percent of Earth's water can be attributed to comets. This is consistent 



with the constraints derived from D/H using various na odels (IMorbidelli et al. 



20001 : iDauphas et al.l . l2000l : iDauphas and Martvl . 120021 ). Since the ^^N/^^N iso- 



tope ratio is not different in Oort-cloud and Kuiper-belt comets, our estimates 
apply to both types of objects. Our results also suggest that a significant part 
of Earth's nitrogen might come f rom comets, support i ng the idea of a dual 



origin of the Earth' s atmo sphere (lOwen and Bar-Nud . Il998l : iDauphasl . 12003 



Marty and Meiboml . 120071 ) . A critical measurement to further constrain these 
quantities would be the determination of the ^^N/^^N ratio in cometary NH3, 
expected to be either anomalous or terrestrial. Although more detailed mod- 
elling is required for more quantitative estimates, our results demonstrate the 
interest of considering the ^^N/^^N ratio to evaluate the contribution of comets 
to the late bombardment of the Earth. 
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2 4 6 8 10 

nca(N)/ne(H20) (xIQS) 

Fig. 1. The proportion of terrestrial nitrogen due to comets nc(N)/ni(N) as a func- 
tion of the abundance of isotopically anomalous nitrogen in comets nca(N)/nc (H2O). 
The three curves are computed from Eqs. 4 and 7 with nc(N)/nc(H20) = 3 10^^. 
The proportion of terrestrial water due to comets is given by nc(H20)/n((H20) < 
0.13xnc(N)/n((N) (Eq. 5). Each curve corresponds to a different value of the prim- 
itive Earth nitrogen isotopic ratio : (^^N/^'^N)p = 2.3 10"^, 3.0 lO'^ and 3.55 lO'^ 
from top to bottom. The width of the curves accounts for the uncertainty on the 
measured cometary (^^N/^'^N)ca- 
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